Background: Danon disease is a rare but serious cardiac and skeletal myopathy leading to substantial morbidity and early mortality due to arrhythmia and cardiomyopathy. The X-linked nature of inheritance accounts for reported differences in phenotypic severity between men and women. The rarity of Danon disease has limited understanding of the complete phenotype. Clinical estimates of ages of disease onset and survival based on gender have not been published. Methods and Results: We present data on 82 patients with Danon disease from 36 families, the largest series to date. Men were severely affected with cognitive disabilities (100%), hypertrophic cardiomyopathy (88%), and muscle weakness (80%). Men had a high morbidity and were unlikely to reach the age of 25 years without a cardiac transplantation. Women were less severely affected but reported higher than expected levels of cognitive (47%) and skeletal muscle complaints (50%) and manifesting an equal prevalence of dilated cardiomyopathy and hypertrophic cardiomyopathy. Combining our data with that of 63 other Danon disease case reports in the literature, the average ages of first symptom, cardiac transplantation, and death were 12.1, 17.9, and 19.0 years in men and 27.9, 33.7, and 34.6 years in women, respectively. Conclusion: These data more broadly illuminate the Danon disease phenotype and should prove useful to physicians working with and providing genetic counseling to families with Danon disease. Women with Danon disease present with clinical symptoms and events approximately 15 years after men and report a higher proportion of cognitive and skeletal muscle problems than previously recognized. Genet Med 2011:13(6):563-568.
D
anon disease is a rare X-linked dominant metabolic disorder initially described by Danon et al. 1 in two unrelated 16-year-old boys manifesting cardiomyopathy, skeletal myopathy, and intellectual disability. In addition to this triad of findings, later reports showed that Danon disease led to retinal disease, hepatic disease, and pulmonary disease. [2] [3] [4] [5] [6] The disease is now understood to be caused by a primary deficiency in lysosomeassociated membrane protein-2 (LAMP-2; OMIM# 309060), 7 which functions as a lysosomal membrane receptor in chaperonemediated autophagy. The precise pathophysiological mechanism through which LAMP-2 deficiency causes Danon disease is not well understood. It seems that all men and many women with LAMP2 gene mutations will develop cardiac disease including hypertrophic cardiomyopathy and dilated cardiomyopathy, cardiac preexcitation syndrome, and a propensity to arrhythmias. Clinical onset of disease in men occurs earlier, is a more aggressive disease course and men may succumb to sudden death or require cardiac transplantation in the second or third decade. A recent report of seven young patients, including one woman, highlighted the severity of Danon disease as it described either early death or heart transplant occurring in all six men before the age of 25 years; the sole female had reduced left-ventricular systolic function and required a cardiac defibrillator due to ventricular tachycardia at 22 years of age. 8 Accounts of the Danon disease phenotype have been largely descriptive, stemming from case reports and modest-sized case series. An understanding of the phenotype in women with Danon disease is more limited compared with men. Data on the natural history of Danon disease including the average age of onset of disease and the survival course for men and women are lacking, rendering discussions of prognosis with patients and families challenging. 6,9 -12 Furthermore, the rarity of Danon disease ensures that physicians remain unfamiliar with the phenotype, and even large medical centers will evaluate at most a small numbers of patients. The largest and most detailed previous report of Danon disease described the cardiac and neuromuscular phenotype in 13 families. 6 Our clinical genetics group began receiving inquiries from patients with Danon disease in 2002 and developed a Danon disease Registry effort in 2006. In this study, we report details of the clinical Danon disease phenotype and prognosis based on data from 82 individuals from 36 families with Danon disease that contacted our group. These data provide a broader overview of the Danon disease phenotype in men and women and permit estimates of survival to important clinical events that can be used by patients, physicians, and researchers to better recognize and understand Danon disease.
METHODS
Patients and families were identified through an adult medical genetics clinic, an ongoing cardiomyopathy research registry project, and through families and physicians contacting our adult medical genetics clinic and medical geneticist (M.T.) directly or by a patient-centered website about Danon disease (www.danondisease.org). The diagnosis of Danon disease was based on a combination of DNA analysis, immunohistochemistry, family history in each case, and medical records that were reviewed by our geneticist. In cases where a research DNA sample was provided, confirmatory LAMP2 DNA sequencing was done using standard Sanger sequencing of the nine LAMP2 exons as previously reported. 11 As the number of individuals contacting our genetics clinic increased, a registry database for patients with Danon disease and their families was launched in 2006. The majority of the patients originated from the United States, Italy, Australia, Sweden, and the United Kingdom. Communication with subjects and their physicians was carried out primarily through e-mail and telephone correspondence or in person for those individuals who were able to travel to our site. Medical records on living and deceased individuals provided by subjects from each family were reviewed.
A subset of patients who traveled to our center (n ϭ 17) was enrolled in a research protocol that included medical history questionnaires (n ϭ 27) and research examinations for those who traveled to our General Clinical Research Center. The in-person research evaluation included medical history, family history, physical examination, laboratory studies, electrocardiogram, echocardiogram, skin biopsy, and quantitative skeletal muscle testing. The medical history questionnaires asked questions about initial symptoms, method of diagnosis, cardiac studies performed, and organ-and system-based symptoms covering cardiovascular, muscle, cognitive (neurologic), ophthalmologic, gastrointestinal, pulmonary, and endocrine systems (Supplemental Digital Content 1, http://links.lww.com/GIM/A146). Data on specific events such as the age of symptom onset, age of diagnosis, and age at death or transplant were collected, and Kaplan-Meier log-rank survival curves for time to event were generated using PASW software (version 18; SPSS, Chicago, IL). The age of symptom onset was defined as the age when one of the following was first noted: cardiac or skeletal myopathy, cardiac preexcitation, or confirmed Danon disease. A PubMed search of English-language clinical reports on Danon disease where clinical information was presented was performed and used to provide a combined survival analysis of our data and that from the literature. Mutation data were used to ensure that the combined analysis did not duplicate data from those families in our study who had been previously in the literature. In families where mutation data were not available, the year of diagnosis, family structure, and medical center where the diagnosis was made were compared against published reports to avoid duplication of data in our cohort with published cases. Data are reported in aggregate to maintain confidentiality, informed consent was obtained from research subjects, and the Colorado Multiple Institutional Review Board approved the registry and research protocol.
RESULTS
Since 2002, more than 50 families contacted our group because of suspected Danon disease, and after our evaluation, 36 families, accounting for 82 patients, could be classified as having confirmed Danon disease. Diagnoses were confirmed when possible by review of the direct medical records, immunohistochemistry studies, clinical genetic testing reports, and/or DNA sequencing of LAMP2 when a research DNA sample was available. We were contacted by patients in North and South America, Europe, and Australia. Given the wide dispersal of cases, much of our data collection occurred through telephone and e-mail sources; 17 subjects traveled to our site for in-person evaluations. Cases where the history from the patient and/or physician clearly indicated that confirmatory testing had been completed but the actual mutation report could not be provided by the patient or physician were included in our analysis. The availability of medical records and family history data were quite variable and incomplete in several cases, especially in the case of family history data for deceased family members. Cases where the clinical evidence and laboratory evidence were not confirmatory were labeled as "possible" or "unlikely" Danon disease and are not reported in this study. Cases where Danon disease was initially suspected but subsequent evaluation confirmed a different diagnoses included X-linked myopathy with excessive autophagy (one case), ultimately proven to be due to other diseases included one case each of X-linked excessive autophagy, hypertrophic cardiomyopathy due to a PRKAG2 mutation, and hydroxychloroquine induced myopathy.
Demographic, disease presentation, and outcome data are summarized in Table 1 . As expected, men experienced events of symptom onset, diagnosis, and death or transplant earlier than women. The average age of onset and standard deviation of Danon disease symptoms was 12.1 (Ϯ6.5) years and 28.1 (Ϯ15) years in men and women, respectively. The average ages of diagnosis of disease, defined as skeletal or cardiac myopathy, cardiac preexcitation, or confirmed Danon disease (whichever occurred first), were 13.5 (Ϯ7.0) years and 31.4 (Ϯ15.4) years in men and women, respectively. Hypertrophic cardiomyopathy predominated in men, although some patients developed dilated disease. Previously, dilated cardiomyopathy was considered more prevalent in affected women; however, our data revealed nearly equal rates of dilated cardiomyopathy versus hypertrophic cardiomyopathy in women. 6 Conduction abnormalities were reported in more than three quarters of men and women; 68% of men had a Wolff-Parkinson-White pattern on electrocardiography in comparison with 27% of women with a WolffParkinson-White pattern. Confirmed genetic results were available in 18 families (Table 2) , with the other families having their diagnoses confirmed on the basis of LAMP-2 immunostaining, available medical records, and/or direct communications with treating physicians. The majority of mutations are predicted to cause LAMP-2 deficiency (frameshifts, stop codons, and splicing site mutations). Most mutations are private, being reported in just a single family with exceptions notable for recurrent mutations in unrelated families in exons 3 (Q83X, W98X) and 7 (R293X, V310I [frameshift]).
Clinical symptom data abstracted from available medical records and histories sufficiently complete for analysis are summarized in Table 3 . Learning or cognitive disorders were reported in 100% of men and, surprisingly, in approximately 50% of women. Cognitive disabilities were mostly mild to moderate in men, with severe "mental retardation" being infrequent; in women, mostly mild and nonspecific cognitive complaints were noted. Symptomatic heart disease was the most common symptom in women and the second most frequent symptom in men (behind cognitive complaints); however, symptomatic heart disease was reported more often in men, when compared with women (89% vs. 8%). Palpitations were the most universally reported cardiovascular complaint followed by chest pain. Cardiac ablation procedures were performed on one half of men and one third of women. Implantable defibrillators were placed in 41% and 31% of men and women, respectively; data on rates of appropriate discharge could not be ascertained. Symptomatic muscle disease was reported by more men than women, whereas neuropathy was reported three times more often in women than men.
Symptomatic respiratory disease was more frequent in men than women, with asthma being reported most often. Restrictive lung problems, possibly related to respiratory muscle weakness, were noted in just two male patients. Gastrointestinal complaints were more common in men and included chronic abdominal pain, constipation, and diarrhea. Esophageal dysmotility was reported by one woman. Laboratory abnormalities present in many male patients included elevations of creatine kinase (1.8-to 7.4-fold over upper limits of normal), alanine aminotransferase (2.4-to 10.4-fold), and aspartate aminotransferase (3.9-to 12.4-fold). In women, the average aminotransferase levels were normal to slightly elevated (Ͻ2-fold). Creatine kinase values were normal in women with the exception of one woman who had a 2-fold elevation.
In each confirmed case, we asked specifically about age of symptom onset, diagnosis of cardiac and/or skeletal myopathy, transplantation, and death. Complete data from living patients and data that could be confirmed from medical records of deceased individuals were used to estimate survival curves for men and women (Fig. 1) . The survival analysis showed that men fared worse than women overall in terms of their age of first symptom, diagnosis of cardiac or skeletal myopathy, cardiac transplantation, and death. In our cohort, the mean ages in years and standard deviations of cardiac transplantation, and death were 18.1 (Ϯ5.9) and 19.8 (Ϯ7.1) in men and 34.5 (Ϯ15.7) and 36.0 (Ϯ16.0) in women, respectively.
A PubMed search for reports on Danon disease where sufficient clinical data on these same parameters were provided yielded 63 additional cases (40 men and 23 women) from 20 published studies (Table 2 ). For the combined data from our study and the 63 cases from the literature (Fig. 1) , the mean ages in years (Ϯstandard deviation) of the first symptom, diagnosis of cardiac or skeletal myopathy, cardiac transplantation, and death were 12.1 (Ϯ6.8), 12.8 (Ϯ7.0), 17.9 (Ϯ7.2), and 19.0 (Ϯ8.0) in men and 27.9 (Ϯ14.5), 29.9 (Ϯ14.7), 33.7 (Ϯ16.1), and 34.6 (Ϯ15.5) in women, respectively. All together, 59.0% of men and 51.6% of women reached an endpoint of transplant or death. The oldest living male who did not require a transplant or die was reported to be of age 41 years. 20 His mutation was a splicing mutation that is less typical of Danon disease and could have potentially led to some residual protein function; however, the authors were unable to demonstrate any LAMP-2 protein on Western blot analysis. If this atypical case is excluded, then the next oldest male in our study who did not reach a transplant or death endpoint was 25 years, highlighting the life-threatening nature of Danon disease in men by the third decade.
DISCUSSION
The rarity of Danon disease and its unfamiliarity of physicians have limited progress in understanding the phenotype and natural history of this severe disease. The exact prevalence is unknown, although LAMP2 mutations were noted in 1% of cases of hypertrophic cardiomyopathy. 13 Given the low prevalence, a minority of physicians would be expected to be familiar with the diagnosis, and even at specialized centers, the total number of patients seen is small. Sugie et al. 6 authored the best previously published phenotype description, combining data from six families with seven previously reported in the literature. The other notable "large" case series recently described the extensive and severe cardiac phenotype in one female and six male cases. 8 Our results on 82 patients from 36 families (the largest series to date) demonstrate a high prevalence of cardiac disease in both men (88.5%) and women (77.7%) with a delay in the onset and diagnosis of disease in women by 15-20 years, when compared with men. These data extend prior work to a larger population size and present endpoint analysis data that paint a picture of the progression and prognosis of Danon disease in men and women.
Danon disease is clearly a serious health problem for affected men where survival beyond 25 years without a cardiac transplant is improbable. Young males with progressive cardiomyopathy should, therefore, be evaluated promptly for the inevitability of cardiac transplantation. Notably, our data show that women also are significantly affected with symptomatic heart disease and conduction disease and seem at equal risk for either dilated cardiomyopathy or hypertrophic cardiomyopathy. The prevalence of dilated cardiomyopathy and hypertrophic cardiomyopathy in women was essentially equivalent in our study, a finding somewhat in contrast to the previous estimate where dilated cardiomyopathy was thought to be the dominant (70%) cardiac phenotype for women. 6 However, as reports of evolu- The symptomatic data are presented as a percentage of affected individuals for whom data were available, and the laboratory values are presented as a mean (Ϯstandard deviation). Fig. 1 . Kaplan-Meier survival curves for the endpoints in years of first symptom, diagnosis of cardiac and/or skeletal myopathy, cardiac transplantation, and death. The left column depicts data from this study, and the right column shows combined data from our study and 63 additional cases from the literature. References for literature studies where mutations were reported are listed in Table 2 . Curves for men and women are depicted by hashed and solid lines, respectively. Censored time points are indicated with diamonds. All pair-wise comparisons between men and women were significant (P Ͻ 0.001) by the log-rank test.
tion of hypertrophic phenotypes to more dilated presentations have been described in women, it is possible that the equal ratio of hypertrophic to dilated cases in our cohort may evolve over time. Additional clinical features not previously reported by others include the high rates of learning problems, visual problems, muscle disease, neuropathy, and gastrointestinal disease in women. Our survival analysis provides the first estimates of the occurrence of important clinical endpoints and further delineates the significant morbidity and mortality risks that apply to women with Danon disease. These data can be used by physicians to counsel and educate patients about the prognosis and treatment of Danon disease. Importantly, our registry study is limited by the problems common to studying rare diseases. Most significantly, the majority of data were obtained through medical history and provided medical records as patients contacting us were widely dispersed across four continents, North and South America, Europe, and Australia. Understandably, data ascertainment was neither uniform nor systematic given the different information available in each case. Geographic constraints meant that in the majority of cases, we relied on direct communication with patients and physicians and provided medical records, which were often incomplete. Travel funds to fly subjects to our site were not available; thus, only 17 subjects were able to travel to our site for direct in-person evaluations. In most cases, echocardiogram and the few cardiac magnetic resonance imaging files were unavailable for our review and are not reported in this study. Understandably, the majority of our data comes from English-speaking patients, and we cannot exclude the possibility that the prevalence of Danon disease differs in other geographic and ethnic groups. Our data represent a step to understand and characterize the phenotype of this rare condition whose prevalence is as yet unknown. We suspect that given the unfamiliarity of Danon disease to the majority of health care providers, a substantial number of patients remain undiagnosed.
Our survival estimates are based on living patients and family history data, which included deceased relatives, some of whom died before a formal diagnosis of Danon disease was reached. Enhancements in cardiac treatment, transplant, and defibrillator therapy have likely improved overall outcomes in Danon disease, which could mean that survival chances today may be more favorable than our estimates herein, which included data from distantly deceased family members. The ability to diagnose Danon disease with modern molecular methods along with reports of the severity of the phenotype herein and by others should further encourage physicians to consider definitive transplant therapy in confirmed cases. 8 As molecular genetic testing panels for unexplained cardiomyopathy are increasingly used, the number of known Danon cases will expand permitting future studies to address how the various medical and surgical interventions alter the natural history of Danon disease in men and women.
